A review is presented of a range of techniques for the structural characterisation of flocs. Flocs may be considered as highly porous aggregates composed of smaller primary particles. The irregular size and shape of flocs makes them difficult to measure and quantify. A range of different equivalent diameters are often used to define the floc size and allow comparison with other floc systems. The application of a range of floc sizing methods has been described. Microscopy is time consuming, requiring large sample size and considerable preparation but gives good information on floc shape and form. Light scattering and transmitted light techniques have been used to good effect to measure floc size on-line whilst individual particle sensors have limited applicability to measuring floc size. Fractal dimension can be measured using one of three major techniques: light scattering, settling and two dimensional (2D) image analysis. Light scattering is ideally suited for small, open flocs of low refractive index whilst settling may be applied to most floc systems of low porosity. 2D image analysis requires flocs to have good contrast between the solid in the floc and the background.
Introduction
The aggregation of fine particles and colloids into larger assemblages is a process that can occur both naturally and artificially. The resulting aggregates that form are known as 'flocs' which are best described as being highly porous, irregularly structured and loosely connected aggregates composed of smaller primary particles (Dolfing 1987; Huang 1994; Kim et al. 2001) . In natural aqueous environments examples of floc formation include the transport and deposition of particulate matter in estuaries (Manning & Dyer 1999) , the assemblage of marine particles (e.g. plankton, organic matter, faecal material and minerals) into large aggregates known as marine snow (Ransom et al. 1998 ) and the colloidal aggregates that are present in most natural surface waters (Gregory 1997). However, industrial processes that require the separation of solids from liquids may be enhanced by an artificially induced floc formation stage. This includes bioprocess, chemical and mineral processing industries and at water treatment works (WTW) and wastewater treatment works (WWTW) (Zhang et al. 1999) .
The size and structure of flocs are considered fundamental to the operation of industrial unit processes (Waite 1999). In water and wastewater treatment processes, the aim is to remove impurities from water in the form of solid particles. Once the solid particles are produced, they may be separated from water using sedimentation, flotation, filtration and thickening techniques (Rebhun & Lurie 1993) . The physical characteristics of the floc are therefore fundamental in determining their removal efficiency. For example, large compact flocs have a high settling rate that results in a treated water of low turbidity during settlement (Wilen et al. 2003) , whilst large and porous flocs aid filtration due to high permeability (Bushell et al. 2002) .
Quantifying floc characteristics is made difficult due to the highly irregular three-dimensional structure of flocs and their inherent delicate nature. In addition, the characteristics of flocculated aggregates have been shown to change depending upon the physical and chemical conditions prevailing in the flocculator (Farrow & Warren 1989) . However, a review of the literature shows there is a comprehensive amount of work on the evaluation of floc structures. The principal aim of this review is to assess how floc structural characteristics can be measured.
Coagulation and flocculation
An in depth review of coagulation and flocculation theory is beyond the scope of this review, for a more rigorous and thorough treatment readers are referred to Gregory (1989) and Amirtharajah & O'Melia (1999) . However, in order to understand the importance of floc structure it is firstly necessary to briefly review current knowledge of floc structure and formation. In aqueous systems, floc aggregates are composed of smaller sub-units. In most cases the primary particles are often of sizes between 1 nm and 1 lm and consequently fall into the colloidal size range.
There is some confusion in the literature as to the precise definitions of coagulation and flocculation and there appears to be a certain amount of interchanging between the two. However, there is some consensus that the two should be treated separately and for the purposes of this review the following definitions are used from Cornwell and Bishop (1983) and Gregor et al. (1997) . Coagulation is the process of chemically changing colloids so that they are able to form bigger particles by coming close to one another. This may be achieved by particle destabilisation through double layer compression, enmeshment, chemical reaction or chemical sorption. Flocculation is the process of transferring coagulated colloids into contact with each other to form larger aggregates (flocs).
The exact process of particle destabilisation and the subsequent colloid aggregation is complex. It is generally considered to be a two stage process of particle transport and particle attachment (Thomas et al. 1999) . The schematic in Figure 1 shows a simplified view of the steps involved. Floc formation is considered a balance between aggregation and breakage (Biggs & Lant 2000) .The rapid initial formation of microflocs is dominated by aggregation, however the importance of floc breakage increases until a steady state floc size is reached.
Floc structural properties and their measurement
The evaluation and quantification of floc structural characteristics is made difficult due to the highly irregular three-dimensional structure of flocs and their inherent delicate nature and porosity. However, there is a great deal of information in the literature on methods for the quantification of flocs. The following section deals in turn with measuring floc size, shape and fractal dimension.
Floc size
Many different measurements have been chosen as the representative characterisation of floc size. A simple measure of floc size is the floc longest dimension. On its own this measurement is of limited use as it only gives an indication of floc 
